In this article we present the development of a web mapping application as part of the "Physical Landscape of Britain and Northern Ireland" project. There are a large number of sources for information and data on the geomorphology of the British landscape including academic journals, books, unpublished student dissertations and third party reports, however there remains no single central repository to query the extent of such knowledge. This project, sponsored by the British Society for Geomorphology, has a long term aim of collating a bibliography on the full extent of published and unpublished research on the geomorphology of Britain and Northern Ireland, ultimately highlighting "gaps" in our knowledge and identifying topics and areas for future investigation. The first phase of the project involved the development of a web application that allows end-users to search for bibliographic references using an interactive map. Here we outline the implementation of a spatial database, a database front-end and a web mapping application built using open source software and open data. Data for pilot areas has been entered; a further phase of the project will populate the database for other areas.
application is therefore dependent upon the availability and specified cartography of third party basemap data (e.g., Bing Maps and OpenStreetMap), however the user can switch between these products within the interface and, given the widespread use of these basemaps, their interfaces will be familiar to users.
The above specification led to development based upon a Linux operating system running an Apache web server and PostgreSQL/PostGIS (see §2.1) spatial database. PostgreSQL was selected due to interoperability with geographic information system (GIS) desktop software and web mapping libraries, spatial functions, general functions and usability (IT Management and Leadership, 2012; Westra, 2010) . In particular PostgreSQL has good support for spatial functions, output formats and data loading/editing.
Design Criteria
The simplified architecture specified above means the system is portable, avoiding the complexity of the two main alternative approaches: Flash web map and server GIS. The Flash approach requires the use of a proprietary plugin that is not available on all operating systems, whilst a server GIS would require greater server specification and potentially lead to poorer application performance. One of the main advantages of the approach adopted is speed: there is no server GIS between the client and the database. The web browser (or client) sends messages directly to the web server as 'POST' or 'GET' HTTP requests, with the Smarty PHP Template engine is used to generate the GeoJSON file for map visualization (Obe and Hsu, 2011) . Additional textual data to drive the client user interface is sent as simple JSON files (Figure 1 ). One drawback of this design is that it is not possible to use common web service standards such as Web Map Services (WMS) and Web Feature Services (WFS) to share data.
Development
Application development involved three stages: (i) database schema definition; (ii) web-based database management application and (iii) web-map development.
(i) Database Schema Definition: work began with the definition of a database schema. One of the requirements of the project is the storage of a location for each bibliographic reference which allows it to be spatially located on a map; a spatial database was therefore used.
(ii) Web-based Database Management: to ease database management by a data manager, an online bespoke front-end user interface was developed. There are different graphical user interfaces (GUIs) available to manage databases but they can be complex to use, moreover they do not allow the insertion of spatial features by drawing them. Instead the customised front-end interface is tailored to this project database schema which makes it easy to upload new data or edit existing data. The front-end hides the schema from the data manager thus avoiding some dangerous operations that could cause the database to become unusable.
(iii) Web-map Application: a web mapping application has been built to access and visualize data on a client web browser. Both the front-end and the web mapping application use two JavaScript libraries available under an open source licence: ExtJS (http://www.sencha.com/) and OpenLayers (http://www.openlayers.org/). The Extjs 4.1 JavaScript framework is used to build the user interface and drive the application logic whilst the OpenLayers 2.11 JavaScript API is used to visualize spatial data. ExtJS was chosen because of the large number of user interface widgets and cross browser compatibility. OpenLayers is a library for building advanced mapping applications, allowing the use of spatial data stored in different formats and complex mapping visualizations. Figure 2 shows the general system architecture where the data manager uses the front-end to manage the database and the general user accesses the data using a client web browser.
The mapping application is targeted at both specialist and non-specialist users and allows the identification of bibliographic references on a base map. Searching for bibliographic references is carried out using both spatial and aspatial queries. With a simple query a non-specialist user can have an overview of bibliographic reference locations within a particular area of interest whilst a specialist user can deepen the search by carrying out a more complex query. Moreover a reporting system is included allowing the user to download results in different data formats, including Portable Document Format (PDF), Endnote eXtensible Markup Language (XML), comma separate values (CSV), GeoJSON (JavaScript Object Notation) and Keyhole Markup Language (KML).
Each reference location is stored in the spatial database as a bounding box. This simple shape has been chosen to ease data management and allow fast visualization. By default only the bounding boxes' centroids, not the rectangles, are displayed on the map to avoid visual clutter. Furthermore, a server-side clustering system groups the centroids as the user zooms out from the map.
Clustering data allows the visualization of a large number of points while the user explores the map at a variety of scales.
Architecture Implementation

Database
The database schema was designed to maintain data integrity, whilst meeting user requirements for real-world use, extensibility and meeting statutory requirements for data transfer. Specifically the database must store primary bibliographic reference information (e.g., author, year, title, page numbers), with each reference classified by source type (e.g., book, journal article). Each reference has a location, with the location geometry stored as one or more bounding boxes. Additional classification or "tagging" allows more detailed consideration of the reference content and therefore greater granularity in database querying by end-users. A reference can also have an abstract and non-textual data such as imagery. The database must additionally store administrative boundaries to allow spatial queries and allow interaction with standardised international classification systems.
The database entity-relationship (ER) schema is depicted in Figure 3 , showing the actual database structure and relationships between tables. There are six main groups:
(1) 'Bibliographic' (red): contains the (2) 'Multimedia' (yellow): these tables store optional images and static maps which can be viewed by the end user once a reference is selected. (5) 'Level' (orange): various key terms ("tags") can be used to classify a reference. Here we implemented a hierarchical 3-level classification. The 'Level' group contains the three tables holding the key terms for each level. Each reference is classified with one of the nine key terms belonging to the level 1: environment/landform, processes, impact, material, timescale or period, attribute within system, hazards, technique, and management. Level 2 key terms further classify a level 1 key term. For some level 2 terms additional level 3 terms are available (Table 1) This makes it possible to search for references using both classification systems.
Database front-end
Application development included an administrative "front-end" to ease database management, with a particular focus upon bibliographic reference creation, editing and deletion. The front-end allows the insertion of all the data necessary to define a bibliographic reference: it is possible to insert an abstract, classify a reference using the 3-level classification system, upload images and maps and create the reference bounding box using an interactive map (Figure 4 and Video 1).
In addition, the bulk-upload of references from Endnote (using an XML file format) is supported; therefore the data manager can collect a large group of references and abstracts and upload them as a batch job to the database, although this requires subsequent manual geocoding.
Web Mapping Application
In designing the web mapping application GUI, the challenge was to present the interactive map as the centrepiece of the design whilst also allowing sophisticated methods of database query and reporting. The project partners were the primary target audience, predominantly professional users and academic researchers. The GUI design comprises four main parts: a map panel, a vertical panel, a horizontal panel and a reference details panel ( Figure 5 ). However users can customize the GUI to suit their own preferences: to free up more space for the map it is possible to close both the vertical and horizontal panels, panels can also be detached from the main GUI.
The map panel within the web application contains two elements: a background map and vector layers which are overlain to depict the locations of bibliographic information. OpenStreetMap data is loaded as the default basemap (given the requirment to utilise third party data), although users can opt to choose other basemaps, including Bing topographic maps and aerial imagery. Other vector layers will become available for rendering as the project progresses, with this currently limited to National Character Areas; users can change the layer symbology to better render it upon the selected basemap.
Once the database has been queried (see below) it is necessary to visualise the results; given the potentially large number of data points, all references are represented as a single opaque point in order to avoid visual clutter. When clicked, the reference bounding box (or boxes) is displayed with 50% opacity so that it can be viewed in reference to the underlying basemap. If the user zooms out there is again the possibility of visual clutter so a server-side clustering algorithm groups the centroids, indicating numerically the number of references in each cluster (see below).
The vertical panel contains tabs that allow access to different levels of functionality including "About" information, help, map legend, querying and basemap layers. The query tab allows querying of the database using both spatial and aspatial queries. Spatial queries are used to select references with bounding boxes that intersect the current map extent, intersect other features such as administrative boundaries or intersect a custom feature (point, line or polygon). Custom features can be interactively drawn. A buffer can be applied to both boundaries and custom features. Additional aspatial query parameters include the 3-level classification, reference attributes and abstract keywords.
When performing a spatial query a PHP script on the server receives parameters from the client web browser and creates a query string in a modular fashion (Figure 6) . A spatial filter retrieves the IDs of references for which bounding boxes intersect the area of interest. An area can be the current client browser map extent, a feature boundary or a custom feature drawn on the client map. The IDs are then further filtered using optional key terms, reference attributes and abstract keywords. The resulting query string is used to retrieve tabular data which is then displayed in the client web browser.
In addition to displaying tabular data, spatial data is used to identify the location of the reference on the webmap. This involves a further step which filters the geometry shown on the map as either bounding box centroids or clusters. At small scales, features overlap and the map becomes cluttered; features are therefore displayed as clusters. Clustering is possible on the client browser but only for small numbers of features. Clustering hundreds of features is not feasible as the performance of the client GUI rapidly degrades. For this reason, at small scales data is clustered using database queries on the server before the results are sent to the client. Moreover, clustering displays fewer points on the client web browser further improving client application performance. Clustering only happens at small scales; at large scales there is no clustering, however only the centroids of the bonding boxes intersecting the client map extent are sent to the client. This further improves client application performance. When the user selects a cluster or centroid on the map, the corresponding row is highlighted in the table (and vice versa).
Spatial and geometry filtering always occur on the server; other more complex aspatial filters are dependent upon the queries built by the end user. These can become quite complex and in these situations it is useful to save the query parameters. This is implemented in the web application using HTML5 localstorage (w3schools, 2012), allowing the retrieval of up to 5 queries. After the user closes the web browser, the query parameters will be available the next time the browser is opened (as long as the web browser cache is not cleared). Localstorage availability is performed as the application starts; if the browser does not support localstorage this functionality is not available, however the user is able to copy and paste the query parameters as plain text.
Query results are presented in both tabular form (as reference data) and their locations are shown on the web map. Additional information such as charts and images are available for each selected reference and the user is able to download custom reports containing reference data.
During development the mapping application was tested by a group of ten individuals comprised of professional users from the project partners (Natural England, the Environment Agency, Mouchel, Halcrow and the National Trust). Unstructured feedback via email was useful to identify and subsequently implement, usability and feature-set issues prior to the release of the first version. In general the users appreciated both the proposed user interface and functions with only a few changes necessary. For example, changing the position of several icons and adding tooltips to all the buttons were identified in order to improve usability. Additional interaction between the application and the end user was added, for example by means of information messages. We added the EndNote XML file as one of the formats to download a single reference or a group of references making it easier for the user to change the formatting style as they prefer; we chose EndNote XML as this is one of the more commonly used file formats for managing bibliographic references. Online documentation, available through the help tab within the user interface, was added to help users interact with the application particularly as it is targeted at academics, professionals and the general public.
Some users found it confusing that a result can have points falling outside the search area. This happens because the map displays a reference bounding box centroid, but the spatial query outcome is obtained by intersecting a search area with the reference bounding boxes. It is not uncommon for the centroid of the bounding box to fall outside the feature boundary, particularly if the bounding box has an elongated rectangular shape. A reference can also have multiple bounding boxes, therefore a query will return all the reference bounding boxes including those that are not intersecting the area of interest. Visualizing the bounding boxes would have made the map confusing as many of them can overlap. Therefore only the centroids are shown; the bounding boxes appear when the user selects the centroid. Using the centroids also makes it easier to set up a clustering algorithm on the database. Another source of confusion was the automatic selection of multiple points and visualization of multiple bounding boxes when a single point is selected. Again, this is due to the fact that a reference can have more than one bounding box and selecting one of them selects all the others because they all belong to the same reference. With the launch of the application in December 2012, an online survey with structured closed and openended questions will query users on both their intended use of the system and their experiences in its usability.
The web application (and source code) is available at http://www.landscapebritain.org.uk. Future development includes adding new functions such as: (1) 3D visualization (using the OpenWebGlobeSDK ) and (2) a simplified mobile version (using Touch2 SDK). 3D visualisation of a landscape where active processes operate, could provide valuable contextual information for users spatially browsing the bibliographic database. Likewise, mobile devices can potentially add value to the application if they have a built-in global positioning system receiver, thus allowing the user's position to perform spatial queries and thereby identify potential relevant literature as a result of their location.
Conclusions
This project has focused upon the development of a spatial database and accompanying database administration and web mapping applications for the provision of reference information on the geomorphology of the British landscape to professional end-users and the general public. Initial focus has been on the compilation of reference information for two areas, including part of the High Speed 2 (HS2) rail link between London and the West Midlands. Reference sources at this stage include published journal articles and books.
The client front-end allows easy administration of records in the underlying database, including the bulk import of references from Endnote XML files. Additionally, a bespoke mapping tool allows the insertion and modification of bounding boxes together with other table attributes. A 3-level classification system allows category "tagging", aiding end-users in database searches. On completion in December 2012, the project concluded technical development and the compilation of reference information, in detail, for two sample areas. Future work will look to compile full reference information for Britain and Northern Ireland, further helping to identify gaps in knowledge and help direct future geomorphological research, however this is subject to further funding. 
